The strain JS11C1, a member of a putative new subgroup of avian leukosis virus (ALV) that is different from all six known subgroups from chickens based on Gp85 amino acid sequence comparison, was isolated from Chinese native chicken breeds in 2012. In order to further study the genome structure, biological characteristics, and the evolutionary relationship of the virus with others of known subgroups from infected chickens, we determined the complete genome sequence, constructed an infectious clone of ALV strain JS11C1, and performed comparative analysis using the whole genome sequence or elements with that of other ALVs available in GenBank. The results showed that the full-length sequence of the JS11C1 DNA provirus genome was 7707 bp, which is consistent with a genetic organization typical of a replication-competent type C retrovirus lacking viral oncogenes. The rescued infectious clone of JS11C1 showed similar growth rate and biological characteristics to its original virus. All the comparison analyses based on whole genomes support the opinion that the new isolates are relatively distantly related to any known subgroups of ALVs and might be classified as a new subgroup.
INTRODUCTION
Avian leukosis viruses (ALVs), pathogens causing avian leukaemia, belong to the genus Alpharetrovirus of the family Retroviridae and include six subgroups (A-E and J) in chickens (Payne & Fadly, 1997; Sandelin & Estola, 1974) . Viruses of other subgroups (F, G, H and I) represent endogenous ALVs occurring in pheasants, partridge and quail (Payne, 1992b) . The classical avian leukaemia of chickens is mainly caused by subgroups A, B, C and D. Viruses of subgroups A and B occur as common pathogenic exogenous viruses (Calnek, 1968; Okazaki et al., 1982) , while subgroups C and D have rarely been reported in the field (Morgan, 1973; Sandelin & Estola, 1974) . Subgroup E virus (ALV-E), which is related to ev loci sequences present as either complete or defective genomes in almost all normal chickens, has little or no oncogenicity (Smith, 1987) . Subgroup J virus (ALV-J) mainly induced myelocytomatosis with greater pathogenicity and transmission ability, and was first isolated from meat-type chickens in the late 1980s in the UK (Payne et al., 1991 (Payne et al., , 1992a . There have been scattered reports of myelocyte-like tumours and hemangioma caused by ALV-J in some areas of China in the past decade (Cui et al., 2003; Du et al., 2000) . Meanwhile, strains of ALV-A and ALV-B have also been isolated in China, especially from the native chicken breeds in recent years Zhao et al., 2010) , which suggests the complexity of ALV infections in China.
Three ALV strains (JS11C1, JS11C2 and JS11C3) were isolated from Chinese native chicken breed 'luhua' in 2012 in our laboratory. Strain JS11C1 was isolated from a 180 day old chicken that died naturally, while strains JS11C2 and JS11C3 were isolated from chicken plasma from a different flock at the same farm and were also 180 days old (Wang et al., 2012) . Sequence comparison analysis revealed that the amino acid homology of the Gp85 protein, which is recognized as a serogroup-specific antigen, was 91.9-97.0 % amongst these three strains, while only in the range 77.7-84.6 % when compared to the homologous sequences of ALV subgroups A-E, significantly lower than the Gp85 homology observed within the common chicken subgroups A (88.2-98.5 %), B (91.6-98.8 %) and E (97.9-99.4 %). The homology of Gp85 between these isolated strains and subgroup J was even lower than 40 %. Based on their relatively distant relations to any known subgroups, they were suggested to be a new subgroup, K (Wang et al., 2012 indigenous chicken breeds in Taiwan and several fowl glioma-inducing viruses (FGV) reported in Japan showed over 90 % identity to the group in their Gp85 sequences. Fowl glioma is histologically characterized by multiple nodular gliomatous growths with disseminated non-suppurative encephalitis (Jackson, 1948; Summers et al., 1995) . It has been recognized in Japanese native 'Chabo' bantams (Gallus gallus domestics) since 1995 (Ochiai et al., 1999) . FGV may cause death and low production performance in chickens when glioma are formed, and may become a great threat to native chicken breeds in Japan due to its high detection rates.
In order to better understand the evolutionary relationship of these ALV strains isolated from indigenous chicken breeds in East Asian areas with other viruses of known subgroups, we have determined the complete genome sequence and constructed an infectious clone of ALV strain JS11C1 in the present study. The genome character was determined and its complete genome sequence was compared to that of other known strains of subgroups A-E and J.
RESULTS

Rescue of infectious clone of the virus
The infectious clone of JS11C1, named r-JS11C1, was rescued using reverse genetics as described in Methods, and infectious virus could be obtained in all the independent transfections. An immunofluorescence assay (IFA) to identify the rescued virus was performed. The result showed that the DF-1 cells infected with the rescued virus were stained by monoclonal antibodies specific for JS11C1 Gp85 and exhibited green fluorescence on the surface and in the cytoplasm (Fig. 2) . ELISA was used to detect p27 antigen of ALV. The S/P-value (sample measured value/ positive control measured value) of rescued virus reached 2.364 after six passages, while that of the negative control was 0.045. These data demonstrated that the r-JS11C1 virus had been rescued successfully.
Determination of the JS11C1 genome
The full cDNA sequence of JS11C1 is 7707 nt long. The genetic structure of JS11C1 is typical of replicationcompetent type C retroviruses lacking viral oncogenes, as shown in Fig. 3(a) . The three main genes gag, pol and env of JS11C1 are 2106 bp, 2688 bp and 1806 bp, respectively, encoding 702, 896 and 602 aa, respectively. The LTRs located at the 59 and 39 ends of the viral genome are 327 bp in length, including the U3-R-U5 element.
Comparison of JS11C1 to related ALV strains
The genome phylogenetic tree ( Fig. 3b) shows that strains JS11C1, Km_5844, Km_5845, TymS_90 and TW3577 are clustered together as a clade, which is separate from other ALV subgroups.
A schema of the genome structure of strain JS11C1 and comparison to other ALVs is shown in Fig. 3(a) . The gag, pol and gp37 genes of JS11C1 are well conserved with those of other ALVs with homology above 90 %, and show the highest homology to subgroup E at 97, 99 and 96 %, respectively. The R and U5 elements of the virus are relatively conserved amongst different subgroups with homology above 85 % (data not shown) and show the highest homology to subgroup E (up to 100 %). The U3 and R sequences of JS11C1 display relatively greater homology to those of ALVs isolated in Japan (Km_5844, Km_5845, TymS_90, etc.) and SDAU09E3 isolated in Shandong Province, China in 2010, showing more than 94 % overall nucleotide identity. In addition to the high homology to Japanese, Taiwan and Shandong isolates, 39UTRs of JS11C1 also display relatively high homology to ALV-J strain HPRS103 and other ALVs (Fig. 3a) .
Gp85 amino acid sequences of JS11C1 show over 91.4 % identity with several ALVs isolated in recent years from indigenous chicken breeds of mainland China (JS isolates), Taiwan (TW3593) and Japan (Km_5844, Km_5845, Sp_40, etc.) (data not shown). Phylogenetic analysis of gp85 sequences indicates that all JS isolates, TW3593 and several Japanese isolates are clustered in one clade, which is different from all six known subgroups from chickens ( Transcriptional regulation elements of JS11C1 are identified in the U3 region, including two CArG, Y and PRE boxes, one CAAT, and a TATA box (Fig. 5) . Almost all the putative transcription regulatory elements identified in the U3 region are conserved and homologous to those of the Japanese isolates Km_5844, Km_5845, Km_5666 and the Chinese isolate SDAU09E3.
Biological characteristics of r-JS11C1
To explore the growth characteristics of the rescued virus in vitro, DF-1 cells, which are commonly used for growing ALVs, were also used to evaluate the replication of the rescued virus. As shown in Fig. 6 , the replication kinetics of r-JS11C1 were similar to those of JS11C1. The results indicate that the infectious clone r-JS11C1 has the same replication ability as its parental virus JS11C1 in DF-1 cells.
There was no significant lesion in any organs when chickens were euthanized at 35 (n53), 70 (n53) or 105 (n53) days of age, but both parental virus and rescued virus could be isolated from cloacal swabs or peripheral blood plasma. Most chickens were viraemic by the time the study was terminated, and no statistically significant differences in viral persistence were observed between chickens infected with JS11C1 or r-JS11C1. Neutralizing antibodies for either JS11C1 or r-JS11C1 were not detectable in chickens 13 weeks after hatching (data not shown). 
DISCUSSION
In recent years, different subgroups of ALV strains have been isolated in China, including subgroups A, B and J (Cui et al., 2003; Du et al., 2000; Zhang et al., 2010; Zhao et al., 2010) . More recently, in 2012, three new ALV strains named JS11C1, JS11C2 and JS11C3 were isolated from the Chinese native 'luhua' chickens in Jiangsu (Wang et al., 2012) . Comparison of amino acids encoded by gp85 gene suggests that these ALV isolates are relatively distantly related to any subgroups described previously. Therefore, Wang et al. (2012) suggested they were a new subgroup (subgroup K). To elucidate the relationship of these new isolates to other ALV subgroups more accurately and precisely, we determined the genome sequence of JS11C1, one of the three isolates, constructed its infectious clone and performed comparative analysis using whole genome sequences or elements with those of other ALVs which infected chickens that are available in GenBank. The phylogenetic analysis based on whole genome sequences revealed that JS11C1, Km_5844, Km_5845, TymS_90 and TW3577 are gathered in one clade, which is parallel to other ALV groups (Fig. 3b) . This result was supported by the segmented genome comparison (Fig. 3a) and mutation comparison in the putative transcription regulatory elements (including CArG, CAAT and TATA boxes) (Miwa & Kedes, 1987) identified in the U3 region (Fig. 5) . All the comparative analyses based on whole genomes support the opinion (Wang et al., 2012) that the new isolates are relatively distantly related to any existing subgroups of ALVs and might be classified as a new subgroup.
In the clade of JS11C1 based on the phylogenetic analysis of whole genome sequences, TW3577 was isolated from indigenous chickens in Taiwan in 2010, while the other three strains (Km_5844, Km_5845, TymS_90) were all isolated from Japanese bantams with fowl glioma and/or cerebellar hypoplasia (Hatai et al., 2008a, b; Ochi et al., 2012; Tomioka et al., 2004) . The first FGV from Japanese bantams with fowl glioma was classified as ALV subgroup A by Tomioka et al. (2003) according to a resistance-inducing factor test (Iwata et al., 2002; Tomioka et al., 2003 Tomioka et al., , 2004 . All other later isolates were described as FGV variants due to their ability to induce fowl glioma (Hatai et al., 2008b) . A further comparison based on Gp85 amino acid sequences was carried out by including more FGV variants. This result showed that JS11C1 was more than 90 % homologous to several fowl glioma-inducing viruses (Km_5844, Km_5845, TW3593, Oki_009) in their Gp85 sequences, while other FGV variants were clustered with different ALV subgroups by phylogenetic analysis of gp85 sequences (Fig. 4) . The results suggested that the FGV variants may be either recombined with different subgroups or derived from different origins, although they all caused fowl glioma. Examination of the prevalence of FGV in Germany and several Asian countries located along the chicken distribution route revealed that FGV and its variants remain confined to Japan but spread locally in recombination with endogenous retroviruses, showing their genomic diversity (Hatai et al., 2005 (Hatai et al., , 2008a (Hatai et al., , 2008b Ochi et al., 2012) . JS11C1, isolated from Chinese indigenous chickens, is possibly the first case of FGV variant reported in mainland China.
It is important to note that there were some differences between the results from gp85 sequences and whole genome sequence analyses: the isolates TymS_90 and TW3577 were classified in the proposed new subgroup when analysed using whole genome sequences but were both clustered in subgroup A based on gp85 sequences. Strain TymS_90, isolated from layer chickens in Japan in 2008, was identified as a recombinant strain between ALVs, with the SU coding regions (Gp85) of this isolate most closely related to MAV-1 (subgroup A) of ALV (Hatai et al., 2008b) . TW3577 probably occurred in the same situation as TymS_90 which had some degree of recombination, mainly in Gp85. The TW-3577 gp85 gene is the most similar to MAV-1 and Tyms_90, with other parts similar to other avian leukosis/ sarcoma viruses (Chang et al., 2012) . Therefore, it is not surprising that TymS_90 and TW3577 were classified in the proposed new subgroup when analysed using whole genome sequences, while they clustered in subgroup A based on gp85 sequences. We propose that the new cluster including JS11C1 in Fig. 4 should form a new subgroup because of its high homology of the Gp85 protein and same source of East Asia (Japan, Chinese mainland and Taiwan), which is different from known subgroups A to E and J that are from Western countries. Of course, further studies including interference, neutralization, etc., are also very important to provide sufficient proof for officially naming a new subgroup. Retroviral CArG motifs are the core sequence of the c-fos serum response element, and CArG boxes upstream of several skeletal and cardiac actin genes are essential for their cell type-specific expression (Miwa & Kedes, 1987; Mohun et al., 1989) . Mutations in the first CArG motif of these viruses may contribute to the cell type-specific expression of oncogenes in the central nervous system. A study of human immunodeficiency virus (HIV) showed that CAAT/enhancer binding protein sites play important roles in LTRdirected transcription during invasion and maintenance of HIV-1 in the central nervous system, which may provide clues for analysis of the mechanism of ALV-induced fowl glioma (Ross et al., 2001; Ruddell, 1989) . The main purpose of the TATA box is to maintain the accuracy of the start of transcription (Ruddell, 1995; Zachow & Conklin, 1992) . The TATA box is usually conserved in ALVs, and the coincident T to C substitution in Km_5844, Km_5845, Km_5666 and JS11C1 also reveals a possible relationship between these viruses.
The ancestors of the Japanese Chabo bantam came from Thailand, Vietnam, Taiwan and China by trading from the seventeenth to nineteenth centuries (Ochi et al., 2012) . It is possible that the ALVs isolated from these places share a common ancestor. Therefore, whole genome sequencing of JS11C1 will surely contribute to our further understanding of the genome evolution pattern of ALV and its molecular biological characteristics.
The biological characteristics of r-JS11C1 studied herein indicated that the infectious clone of JS11C1 showed the same growth characteristics as the original virus. In addition, like its parental virus, the rescued virus can replicate in vivo and shed through the cloaca without any ALV-related death or tumour. It may be the first infectious clone of FGV or its variants to have been constructed. Therefore, we have established a good technical platform to further study its biological characteristics in vitro, its genome structure and function, and the molecular mechanism of its pathogenesis. Further changes to the infectious clone, such as removing or replacing the main functional components, will be helpful to elucidate the mechanism of tumorigenesis.
METHODS
Ethics statement. The study protocol and all animal studies were approved by the Shandong Agricultural University Animal Care and Use Committee (SACUC permission number: AVM120301-13).
Viruses, cells and animals. The ALV strain JS11C1 (KF746200) was isolated from a Chinese 'luhua' native chicken breed with liver tumour in 2012, propagated in DF-1 cells and maintained in our laboratory. The chicken DF-1 cell line (Maas et al., 2006) was used for virus culture (kept in our laboratory). The cells were grown in Dulbecco's modified Eagle medium (DMEM) supplemented with 10 % FBS and maintained in DMEM supplemented with 2 % FBS at 37 uC in a humidified atmosphere containing 5 % CO 2 . Specific pathogen-free (SPF) White Leghorn chickens strain WL-M/O (C/O) were used for the infection experiments. This strain lacks both chicken helper factor and group-specific antigen, and is susceptible to ALV-A-E (Somes, 1998) . The fertile eggs (SPAFAS; a joint venture with Charles River Laboratory) were hatched at 37.5 uC in a suffumigated electric hatcher and the hatched chicks were reared in isolators in the animal facilities of Shandong Agricultural University.
Detection of viral infections. The virus cultured in DF-1 cells was detected with ELISA and indirect IFA. ELISA was performed using an ALV-J Ag Test kit (IDEXX) following the manufacturer's instructions. For IFA, polyclonal rat anti-Gp85 of JS11C1 antibody was prepared in our laboratory and used as primary antibody. FITC conjugated goat anti-rat antibody (Sigma) was used as secondary antibody.
Amplification and sequencing of proviral DNA from the JS11C1
genome. The proviral genomic DNA samples were extracted from p27 and IFA positive DF-1 cells. Primers in Table 1 were used for amplification of genomic sequences and were designed based on the nucleotide sequence of TW3593 (Wang et al., 2012) . The full-length cDNA of JS11C1 was amplified and sequenced in three segments.
Construction of infectious clone of JS11C1. The construction strategy for full-length cDNA clone is illustrated in Fig. 1 . The primer sets in Table 1 were used to amplify the whole genome of JS11C1 and were designed according to the nucleotide sequence of JS11C1. The underlined sequences are EagI, BamHI and XhoI restriction enzyme sites. Using the XbaI and AgeI restriction enzymes in the genome sequence itself and the above three restriction enzymes introduced by PCR primers, the genome was cleaved into three fragments and amplified using proviral DNA as template separately. The amplicons were gel purified and inserted into the pBlueScript II KS in order using restriction enzyme digestion to construct the recombinant plasmid containing the JS11C1 proviral DNA.
Viral rescue and identification. Highly purified recombinant plasmid was obtained by using Qiagen Plasmid Midi kits (Qiagen). The purified plasmid DNA (4 mg) was introduced into DF-1 cells using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. The culture supernatant containing the virus stocks was harvested 8 days later, and then blind passed into secondary DF-1 cells. The transfection was carried out on at least three independent occasions to prove the infectivity of the molecular clone. To determine the specificity of the rescued virus, the infected DF-1 cell supernatants with six passages were analysed with ELISA and an IFA was performed on infected DF-1 cells as described above.
Sequence analysis of the virus genome. The recombinant plasmid containing whole sequence of JS11C1 was sequenced in double strands. Multiple sequence alignment with other ALVs (Table  2) was carried out using the sequence analysis software Lasergene 1 (DNASTAR) and the NCBI BLAST program (http://blast.ncbi.nlm.nih. gov/Blast.cgi). Major genes of the whole genome including gag, pol, gp37, gp85 and LTR were compared with other ALVs. Homology comparison of Gp85 amino acid sequences and phylogenetic analysis of gp85 sequences of isolates from indigenous chicken breeds in mainland China, Taiwan and Japan obtained in recent years were carried out. The phylogeny tree of JS11C1 in ALVs using the neighbour-joining method (MEGA 6) was re-drawn. The nucleotides and important regulatory elements of the U3 region of JS11C1 and other ALVs of different subgroups were analysed using the same programs.
Replication of the original and rescued JS11C1 virus in DF-1 cell culture. To determine the replication kinetics of rescued virus in more detail, one-step growth was analysed. Each 60 mm-diameter plate of DF-1 cells (approx. 10 6 cells plate -1
) was infected with 0.1 ml of approximately 10 3.5 50 % TCID 50 ml -1 of parental virus JS11C1 and the rescued virus. The infected cell cultures were harvested at various time points, and the same amount of fresh medium was supplied after each collection. The titre of infectious progeny was determined as the TCID 50 ml -1 using the Reed-Muench formula directed by ELISA. The mean±SD values were calculated from three independent experiments.
Analysis of viraemia level, antibody response and clinical syndromes of chickens infected with parental and infectious clone of JS11C1. Twenty SPF chickens were inoculated with about 2610 3.8 TCID 50 viral suspension of parental or infectious clone of JS11C1 at day 1. Ten chickens were injected with tissue culture medium from DF-1 as control. The infected chickens were euthatized at 35 (n53), 70 (n53) and 105 (n53) days of age for detection of any gross or microscopic tumours. Organs including the liver, spleen, kidney, heart, lung, bone marrow, gastrointestinal organ, pancreas, gonad, brain, spinal cord and peripheral nerve were collected and examined microscopically. All samples were sectioned at 4 mm and stained with haematoxylin and eosin. The cloacal swabs and peripheral blood plasma of inoculated chickens at 35, 70 and 105 days of age were used for virus isolation. Meanwhile, peripheral blood serum was measured for neutralizing antibody (VNAb) response by ELISA.
